ABSTRACT
INTRODUCTION
In recent years, more and more rapid development in the field of offshore wind turbines has been observed. More attention is being paid to reliability, durability and energy efficiency. For this purpose, specialized software using FEM and CFD methods [1, 2, 3, 4, 5, 6, 7] is used. With estimates of the analysis results, that for waters deeper than 50 meters, cost-effective solution is the use of floating structures. There are already solutions of floating structures, which are going to be used on an industrial scale, mainly buoyancy stabilized [8] or ballast stabilized [9, 10] structures. In recent years, there are more and more publications including computational analysis of TLP-type of foundation systems for offshore wind turbines [11, 12, 13] The works presented in this article were carried out under the "WIND-TU-PLA" acronym project from the MARTEC II Era-Net program. The project's objective is to develop foundation systems for the southern Baltic basin where areas have been pre-designated where wind turbines are to be installed.
This article presents a design dedicated for 50m + depth water. The subject of analysis is the Tension Leg Platform. According to the assumptions, it is a buoyancy structure, designed for a depth of 60 m, fixed to the bottom by tight ties and allows the installation of a turbine of 6 MW.
The available articles [11, 12, 13] , as well as the classification societies [14] , show that many issues related to the design of floating platforms (and in particular TLP structures) still require improvement or refinement.
Due to the fact that in industry magazines hardly any detailed information about the design and strength calculations of this type of construction can be found, the authors undertook to solve this task within the framework of the above project. The calculations take into account all the significant loads of an object, namely the weight of the structure, including the turbine tower, as well as hydrostatic forces and aerodynamic and hydrodynamic forces acting on the whole object during extreme operating conditions, restoring forces of the anchorage system and the inertia force acting on the mass of the structure during accelerated movement.
This article presents the stages of designing a TLP structure based on an ad hoc strength analysis. The analysis of fatigue strength, due to a much wider range of work, will be presented in a separate publication. 
HULL GEOMETRY DESIGN. PARAMETRIC OPTIMIZATION
The visualization of the model and the main geometrical assumptions are shown in Figure 1 . The design assumption was to install a 6MW turbine, pre-modelling on the SENVION 6.2M turbine [15] . Table 1 shows the basic technical parameters of the reference turbine as well as the 5MW (NREL Reference Wind Turbine) [16] and the values that were used for the test calculations.
Tab. 1. The main characteristics of the wind turbines
Design [18] NREL In order to determine the optimal dimensions of the platform, a simplified parametric analysis was carried out, influenced by the shape parameters: the height of the pontoons H a , the volume displacement V b and the length of the tendons for the main parameters describing the dynamics of the platform. The main geometry parameters of the platforms are shown in Figure 2 . The computational model used for parametric analysis is based on the equation of motion along the horizontal axis Ox, which coincides with the direction of the force (wind direction and wave direction) [17] . Equation (1) is based on the second principle of dynamics, with the mass of the structure being increased by the mass of added water. On the right side of the equation there is the force of resistance, proportional to the square of the velocity of the body relative to water, and a part representing the force arising from the wave action of the body.
(1)
where: m a -added mass, ρ -density of sea water, C D -drag coefficient of submerged part of the structure [17] , A p -projected Area of the structure on a plane normal to the motion direction (Ox), U -velocity of surrounding water (based on Airy wave theory), F x,aero -total aerodynamic force, F x,rest -restoring force due to the mooring system, given by the following formula:
where g is a gravity.
Added mass ma and drag coefficient C D has been approximated using simple empirical formulas for 2D sections [17] . Added mass for the pontoon m a,a and for a cylindrical column m a,c are calculated from the formulas:
where: D c -column diameter, c 1 -coefficient dependent on the proportion of rectangular pontoon section, for a section close to the square c 1 = 1.51. l a,p -the total length of the pontoon, projected on a plane perpendicular to the direction of inflow, h c,s -the height of the immersed part of the column.
Parameters have been selected in such a way that, by changing them, they have a specific effect on the dynamics of the object. By analysing the parts of equation (1), and equation (2) and equation (3a), one can conclude that:
-Changing the hull volume V b will result in an increase in the forcing force (the second part to the right of the equation (1)) and the increase in the restoring force (equation (2)). Changing the restoring force will change the frequency of the oscillation ω 0 of the platform, -Changing the height of the pontoon H a will change the mass of the accompanying water (equation (3a)) and change the resistance force by changing the surface A p (the first part of the right side of equation (1) . The change in the force of resistance will also change the force of the oscillation of the object.
-Changing the length of the L t strings (by appropriate pontoon formation or changing the depth of the water area d) will result in a change in the restoring force characteristics (equation (2)), and hence the change in ω 0 .
Calculations were made for a wave corresponding to a 50-year storm: H s = 9.01m, T p = 11.3s [20] , assuming unfavourable wind force U w = 11.4 m / s, because the thrust coefficient of the turbine was C T, 11.4m / S = 0.73 (see table 1 ). These are the operating conditions at which the thrust on the turbine reaches its maximum value.
As a result of parametric analysis, the maximum amplitudes of the acceleration (longitudinal) and amplitude of the forces in the legs were obtained. Figures 3 and 4 show graphs of accelerations and minimum forces in legs as a function of the height of the arms H a and volume displacement V b . The optimal solution is characterized by minimum amplitudes of acceleration (less construction loads). The correctness of the solution is that the forces in the legs are always stretching, because in the case of compression, as shown in Figure 7c , the platform will lose its stability and begin to turn over. Taking into account the above limitations, two solutions were chosen from the area of permissible solutions (Table 2, Figure 5 ), with the weight of both variants estimated on the basis of the pre-selected plating thickness assuming that the mass of the stiffeners and girders is about 20% of the plating weight. Mass of the structure (first approximation), m 1800 t 1900 t
Tab. 2. Main parameters of selected platform variants

Fig. 5. Visualization of the discussed platform variants.
Both TLP platform variants have been subjected to detailed computational analysis using Morison's [17, 18] software, Boundary Element Method, and RANSE-CFD.
A quick and relatively accurate method is to calculate the motion using the Morison equation. The structure is divided into segments, (based on the literature [17] ) for which the coefficients of resistance and the added mass coefficient are determined. The simplified hydrodynamic model (segmentation) is shown in Figure 6 . The hydrodynamic force y1 component in the local coordinate system ( Figure  6 ), on the i-th segment, is calculated using the formula [21]:
where C D -drag coefficient on the y 1 (local coordinate system), ρ -fluid density, A p -the surface segment on the direction y 1 , w -the velocity component for the water on the direction y 1 , V b -segment volume, C A -ratio of mass of accompanying water, -velocity and acceleration of the segment in direction y 1 .
The composition of the hydrodynamic force z 1 is calculated similarly.
Designated forces are transformed into the global coordinate system and to the system associated with the object. Based on the knowledge of the forces and positions of the segments, the total moment of these forces is calculated for the whole object. Knowing the forces and moments allows to solve the system of equations describing the movement of an object (in six degrees of freedom). Calculations, like the above, were performed for 50-year storm conditions [18] . However, due to the fact that, at high amplitudes of motion, the platform lost stability at the maximum rated wind speed (U w = 11.4m/s; C T,11.4/s = 0.73). It was decided that the calculations would be performed for the conditions U w = 25m/s, with thrust coefficient C T,25m/s = 0.074. It is envisaged that under extreme wave conditions, the wind turbine will operate at a reduced power setting of ~ 8m/s to ~ 25m/s in order to reduce the thrust.
Motion charts of both platforms (position versus time) are shown in Figures 7a, 7d . They show the waveform, acceleration, and force functions of the platform during the first 1200 seconds of a one-hour simulation. It is clear from the above that the amplitudes of these values are smaller for platform 2_1 than for l5. Therefore, geometric parameters of variant 2_1 were chosen as assumptions for the design.
For the design of the platform construction, it was necessary to select a load system for which the design would be maximized.
The graphs shown in Figure 7 include the first 1200 seconds of the simulation. Based on the results for the full hour, a point was chosen for the time at which the reaction forces in the legs of the platform (one leg) would reach the maximum.
The resulting load distribution along the vertical axis of the structure is shown in Fig. 10 .
DESCRIPTION OF THE PRELIMINARY DESIGN
The illustrated support structure was designed as a Tension Leg Platform. The main part of the structure is an underwater tricot fuselage with a centrally located column on which a tower with a wind turbine is attached. The underwater volume of about 5500m 3 , the height of the arms, the length of the anchor rods were chosen so that despite the assumed loads the construction of the tendons was always stressed -stretched. The draft is 20m. The hull height of the regular platform is 10 m. At the ends of the arms 25 m apart from the centre of the main column there are string fixing nodes with which the platform is fixed to the bottom. A conical column with a base diameter of 8m is ended with a 5.5 m diameter fixing flange at a height of 15 m above the free surface area. The whole structure is made of steel. The weight of the initial variant of the platform itself is 1430t. Figure 8 shows the prefabrication system of the construction variant together with the detail of the thicknesses of the individual components.
As the tendons, pipes having an outer diameter of 800 mm and a wall thickness of 40mm are proposed. This type of tendon offers benefits in terms of relatively low prices compared to e.g. chains and ease of transport by towing them as displacement elements. One of the problems faced by the concept makers was to fix rigid strands to the platform hull. Based on preliminary analyses, it was determined that attaching the pipes to the hull should allow the tendon to tilt at an angle of 17 ° from the vertical. As part of this task, the concept of a plain bearing has been developed to allow the platform to move in any direction. The fixation assumes the construction of a bearing with a polymeric shell that is part of the sphere. The materials used allow the surface pressure of 70 MPa, the contact surface is selected so as not to exceed this value even under extreme operating conditions. The final part of the platform arms has been designed to allow the assembly of the bearing components and ultimately enable the anchoring process of the platform. Figure 9 shows the solid model of the platform showing the fragment of the spherical canopy that is luminaire for the polymer bearing bush. From the bottom it connects to a specially shaped cone allowing the pipe to move freely and to pivot at a predetermined angle. From the upper deck, access to the bearing allows a steel sleeve with a diameter of 2400mm. The whole node was reinforced by radial stiffeners. The method of bearing and anchoring process has been developed for internal project reports, but is not discussed in more detail in this article.
LOAD AND OPERATING CONDITIONS OF THE SUPPORT STRUCTURE
The following load and operating conditions of the support structure are the same for each stage of the modification of the construction geometry shown in the work. Presented results of individual simulations were obtained for the following assumptions. As previously mentioned, the authors assume that the structure will be located in the Baltic Sea area at a depth of 60 m. The top flange to which the column will be mounted is located at a height of 15 m above the water surface. Structural loads derived from environmental conditions were calculated by hydromechanical simulation taking into account the most unfavourable conditions corresponding to the "50-year storm in the Baltic Sea" [18] . The most unfavourable conditions are considered to be the load system that causes maximum stress in one of the anchor anchoring strings of the platform, while in the opposite legs the stresses reaches the minimum. This situation is most often the case when the forces of inertia caused by the accelerated motion of the platform acting on the massive elements (nacelle, rotor and tower) have a vector worthy of the direction of the aerodynamic load generated mainly on the turbine.
The technical characteristics of the turbine used to determine the foundation load are shown in Table 3 : Based on the hydromechanical simulation described in Chapter 2, the course of horizontal load derived from currents and waves and the wind as a function of the height of the object is determined. For computation, the MES model was divided into segments that are the same as for hydromechanical simulation. Thanks to this solution, the model can be easily loaded by applying the average values of the horizontal load obtained from the hydromechanical calculations to the given area of construction. The zero altitude was assumed at the level of the water mirror. The value of the continuous load acting on the height of the structure is shown in Figure 10 . A significant factor affecting load is the acceleration of the horizontal movement of the structure due to aerodynamic and hydrodynamic forces and forces from the anchorage system. The maximum acceleration from a one-hour hydromechanical simulation determined from the motion equation for an irregular wave was 3.41 m/s 2 , which was read from the graph shown in Figure 6e .
Tab. 3. Technical parameters of the turbine
Hydrostatic pressure of seawater acts on the structure from +10 m from the average water level (wave crest) to the bottom of the structure (z = -20 m). The sea water density was taken as 1026 kg/m 3 . The adopted load model is designed to simulate conditions where the wave crest reaches a height of approximately 10 m at high waves, which results in a significantly higher hydrostatic pressure on the structure than in the absence of waves. Figure 10 shows the forces from the turbine's thrust and the inertial forces acting on the nacelle and rotor masses that are present in the discrete model (FEM) in the form of concentrated force. The drawing does not show forces from the anchoring system, as they appear in the model as responses on the supports. 
MES MODEL
The surface model of the structure shown in Figure 8 was created in Autodesk Inwentor. Next, the geometry was imported into HyperMesh, where the FEM model was built. The hull, together with the internal design elements, was mapped with first-order quadrilateral and quadrilateral elements with a mean size of 90 mm. Due to the fact that the entire structure is modelled, the platform superstructure with the tower was modelled with 200 mm elements, which significantly reduced the total number of components. The elements used for the first iteration are summarized in Table  4 , the grid fragments shown in Figure 11 . In order to apply forces from the turbine's thrust and the mass of the nacelle and rotor on the top of the column -95m above the level of the free surface, a central node was created. It has been modeled by connecting nodes on the circumference of the top edge of the column in one central node with rigid elements. Below is the model of support. At the end of each of the platform arms there is a fragment of the sphere that is ultimately a spherical ball joint that connects the platform with a tight string. In the centre of the sphere with a radius of 1400 mm a central node has been formed, where all the nodes of the elements on the surface of the sphere are connected by rigids. Thanks to this solution, three nodes were created, in which the degree of freedom of the model was appropriately removed. The arm node in the Y direction has been locked so as to prevent movement in the three directions X, Y, Z and rotating movement relative to the vertical axis, while the other two nodes have been disabled to move in the Z direction. The solutions described are shown in Figure 11 .
MODEL THE MATERIAL
A linear-resilient material model has been adopted with the following properties: The hydrodynamic load of the structure according to the assumptions presented in the previous chapter was applied to the nodes in the Y direction. The model grid was split at the level of the segments from which the node numbers were read. Each of the segment nodes applied with the force that was determined by dividing the CFD simulation by the total load of the segment by the number of nodes. The accepted way of implementing the load has no real influence on the local strength of the structure, and significantly facilitates the preparation of the calculation data. This load generates a bending moment, which is a significant load on the structure. The assumed load distribution has no significant effect on the local strength of the structure, and significantly facilitates the preparation of the computational data.
Earth acceleration is applied to the opposite redirection in the Z direction. In addition, in the Y direction, all the elements of the structure have a predetermined acceleration of 3.41 m/s 2 . The values of generated inertial forces acting on a given segment of a structure are shown in Figure 10 .
Hydrostatic pressure was applied in the normal direction to the plating elements of the platform and the column in accordance with the assumptions in Chapter 4.
MES CALCULATIONS
Structural strength calculations have been made in the linear range. HyperWorks v13 software, manufactured by Altair was used., HyperMesh software was used as a preprocessor. Calculations were made using the Optistruct solver, while results were generated using the HyperView postprocessor. The simulation was performed on a PC equipped with a quad-core 64-bit Intel® i7 processor with 3.40 GHz, 16 GB of DDR3 RAM and an 840 PRO SSD. Calculations for construction in the final stages of geometry modification, where the number of surface finite elements was about 0.8 million lasted about 10 minutes.
CALCULATION OF THE STRENGTH OF THE PRE-CONSTRUCTION
The calculations made for the initial form of the structure, shown in Figure 8 , were meant to indicate the critical areas of the proposed structure. It should be added that for the previously described method of loading the structure, the most stressed part of the structure is the arm in the direction of the transverse force Fy. In this case, the highest bending moment is generated on the indicated arm of the platform in comparison to the other arms.
In the above figure it can be seen that the region of occurrence of the greatest stress, which reaches 448 MPa is the portion of the hull at the junction node of the primary arm mounting structure (det. A on FIG. 12) . The stress concentration is also visible on the web of the main girder connecting the arm portion of the regular fixing location of the tendon. In this case, the cause of high stress is too rapid change in the shape of geometry of such a large load which are local forces in the tendons. Moreover, considerably higher than the yield strength of the carbon steel (235 MPa) present in the webs and agents frames in the regions of changing the direction of the stiffener.
MODIFICATIONS OF CONSTRUCTION
Because of the high stress values at the points of the analyzed structure, there has been a need for modifications in the most stressed areas where the stresses exceed the permissible values for normal strength steel. The geometric changes in the model introduced in the first modification step are described below. The modified design is shown in Figure 13 .
• Based on the results obtained, it was found that the design at the transition site of the regular arm shape into the bearing seat should be significantly redesigned. It was decided that the sloping section of the inclined plating to the horizontal support plate for the stiffening of the bearing shell must be rounded to avoid high stress concentrations at the node. This plating was joined together through a rounded sheet of 40 mm thick and with a bending radius of 1500 mm.
• The shape of the central web is adjusted to the rounded shape of the above-mentioned plating. In addition, the thickness of the web at this point was increased from 20 mm to 40 mm.
• The passage of the lateral plating of the central part of the platform and arm has been thickened over the whole circumference. An increase in the sheet thickness to 40 mm included the plating band stretched between the two frame stiffeners shown in Figure 13 .
• The thickness of the plating in the centre column area was increased to 30 mm. The calculation results for the modified support structure are shown in Figure 14 . The scale has been set so that the red colour indicates the stresses above 235 MPa. The changes made reduced the maximum stress reduced to about 316 MPa, also, the area of stresses beyond the yield strength decreased. In the figure above, it can be observed that, as expected, modifications introduced in the structure restriction region have worked very favourably, distributing the stresses in a mild manner.
Maximum stresses occurred in the corner connecting the side wall plating and the bottom of the platform. The cause of the concentration in this area is the sharp change of shape at the point of contact of the falling platelets of the side plating of the regular platform with the lateral arm of the arm. Visible areas of the high stress concentration are still the frame parts. On the basis of the results obtained, the geometry was to be transformed further, thus reducing the stresses in excess of 235 MPa.
FINAL STAGE OF MODIFICATION. VERIFICATION CALCULATIONS.
The last modification shown in Figure 15 has led to a structure that meets the criteria in terms of strength. Due to still high stress in the area of the central column passage through the top plating, it was decided that this section of the column would be a 70 mm thick ring and 2 m highdeposited 1 m on either side of the plating. Thickness of the conical column has been increased to 60mm. Enclosures in more stressed areas (blue) were given a thickness of 36mm. The brackets of the frame stiffeners were modified. In areas of rounded passages, inserts of thickness 50 mm were used, in addition, these places were supported by brackets. In the longitudinal girders, the relief openings have been made in the less stressed webs significantly reducing the mass of the longitudinal stiffeners. The total weight of the structure after the variations shown was 1456 t. Figures 16 and 17 show the stresses and deformations of the final version of the support structure. Based on their analysis, it can be stated that the highest stresses of 286 MPa occur only on the individual finite elements of the model in the region of joining the top shell to the column. It should be noted here that calculations using coating elements (2D) in areas of sudden shape change may exhibit unnatural stresses. As a result, the authors allow for a slight excess of stresses in the belt of one element width from the edge joining the two parts of the structure. In order to obtain more reliable results at the junctions of major structural parts, additional local analyses of selected regions using 3D elements should be performed. Ensuring structural strength in areas where the stress exceeds 235 MPa, for the assumed load system, will be achieved by using high strength steels. The maximum displacement that occurred on the turret mount flange was 115mm. 
SUMMARY
The present article deals with current and complex issues related to the design of marine facilities under high power wind farms. The authors undertook the task of designing a preliminary steel variant of the TLP platform designed for anchoring on the Baltic area with a depth of about 60 m. The next steps in the design of the platform design were presented, which was to provide ad hoc strength at maximum load that could occur during marine operation. Preliminary strength calculations indicated the critical structural nodes that had to be modified. After the changes described in Chapter 10 on structural modification, the stress areas exceeding the limit values for normal strength steel decreased considerably. The next step was the changes in the thickness of the plating and stiffeners to larger ones in the stressed areas and the reduction of the thickness in the unloaded areas. The authors are aware that for this type of construction designed as a marine wind turbine support structure, fatigue calculations are required to take account of the impact of environmental loads. Such calculations will be carried out in the next stage of the project.
In the presented platform more than 90% of the weight of the structure can be made of normal steel hull strength (class NV B -Re235 in accordance with [19] ). It raises the advantages of this project, which has already attracted interest among representatives of investors of wind farms. In the most demanding areas, NV-class steel, E 36 -Re 355 as per [19] must be used.
According to the authors, this article presents a number of issues related to the design of steel naval constructions very useful for designers, researchers and investors of this type of objects. In addition, it allows to estimate the level of technical and material costs related to their execution.
